Most phagocytic protist viruses have large particles and genomes as well as many laterally acquired genes that may be associated with a sympatric intracellular life (a community-associated lifestyle with viruses, bacteria, and eukaryotes) and the presence of virophages. By subculturing Mimivirus 150 times in a germ-free amoebal host, we observed the emergence of a bald form of the virus that lacked surface fibers and replicated in a morphologically different type of viral factory. When studying a 0.40-μm filtered cloned particle, we found that its genome size shifted from 1.2 (M1) to 0.993 Mb (M4), mainly due to large deletions occurring at both ends of the genome. Some of the lost genes are encoding enzymes required for posttranslational modification of the structural viral proteins, such as glycosyltransferases and ankyrin repeat proteins. Proteomic analysis allowed identification of three proteins, probably required for the assembly of virus fibers. The genes for two of these were found to be deleted from the M4 virus genome. The proteins associated with fibers are highly antigenic and can be recognized by mouse and human antimimivirus antibodies. In addition, the bald strain (M4) was not able to propagate the sputnik virophage. Overall, the Mimivirus transition from a sympatric to an allopatric lifestyle was associated with a stepwise genome reduction and the production of a predominantly bald virophage resistant strain. The new axenic ecosystem allowed the allopatric Mimivirus to lose unnecessary genes that might be involved in the control of competitors.
allopatry | experimental evolution | giant virus | virus evolution G iant mimiviruses can replicate in amoebae (1) . Mimivirus was the first virus whose genome was found to be larger than 1 Mbp (2). Its genome is composed of a complex repertoire of genes common to nucleocytoplasmic large DNA viruses (NCLDVs), as well as bacteria, eukaryotes, and archaea (3, 4) . Moreover, its genome has many duplicated genes and exhibits many ORFans, i.e., ORFs that do not have a detectable homolog in current databases (5, 6) . These characteristics contribute to the genome's high complexity. Viruses and intracellular bacteria, such as amoebae that are found in phagocytic protists, have a sympatric lifestyle because they replicate in communities with other species. These organisms have large chimeric genomes because they are able to exchange genes with each other inside amoebae, unlike those replicating in allopatric conditions (7, 8) . There is evidence of lateral gene transfer between amoeba and its microbial parasites (9) , between the phagocytosed protist viruses and bacteria (3, 4, 10) and between mimiviruses and their virophages (11) .
To evaluate the role of the environment on the Mimivirus genome repertoire, we subcultured Mimivirus 150 times within the amoebal host that had been propagated in axenic conditions. We found that, as observed for allopatric bacteria growing in axenic media (12) , Mimivirus subculturing leads to the emergence of morphologically and genetically different viruses (2, 13, 14) , which in the case of Mimivirus M4 displays an ∼16% reduction in its genome size and lacks surface fibers.
Results
Monitoring Evolution of Mimivirus During 150 Passages. We continuously cultured the first generation of wild-type Mimivirus (M1) 150 times in Acanthamoeba polyphaga and characterized its progeny virions after the 100th passage (M2 virus) and after the 150th passage (M3 virus). We observed three populations of virions: one with a structure identical to that of the wild-type M1 virus, a second that exhibited shorter fibers around its surface, and a third that lacked fibers (bald particles) (Fig. 1A) . The proportion of long-haired mimiviruses decreased during the successive passages, and the bald form dominated the last passage (Table S1 ). To further characterize the bald subpopulation, we isolated a bald clone named M4 by filtering the 150th amoebal subculture supernatant through a 0.40-μm filter.
The genome size of the mimiviruses decreased over time, as evaluated by pulsed field gel electrophoresis (PFGE) (Fig. 1B) and by restriction enzyme digestions (Fig. S1 ). The M1 genome was a single species at 1.20 Mbp (as reported in ref. 2) , and the M4 genome had only a 0.993-Mbp form. The M2 genome was a mixture of the M1 genome and an intermediate 1.10-Mbp form, whereas the M3 genome was a mixture of this 1.10-Mbp intermediate form and the 0.993-Mbp M4 form.
Early stages of the M4 replication cycle, between 30 min and 6 h postinfection (p.i.), were similar to that of the M1 strain (15) (Fig. 1 C, a-c) as observed by direct fluorescent staining (Fig. S2 ) or transmission electron microscopy (TEM). Between 4 and 6 h p.i., the electron-dense structure of the viral factory (VF) appeared and increased rapidly ( Fig. 1 C, b and c) , and a capsid assembly zone was observed at the periphery of the VF (Fig. 1 C,  c) , where viral particles were produced continuously until 11 h p.i. (Fig. 1 C, d ). However, M4 virus assembly involved a repartitioning of the VF in which a fiber-like structure accumulated around the VF (Fig. 1 C, d , Lower Left Inset). Moreover, the peripheral electron-lucent zone, where newly formed M1 particles would acquire their fibers, was not observed. In contrast to M1 virus, lysis of M4-infected cells occurred earlier, before completely filling the amoebal cytoplasm with mature virions. Finally, some VFs could be observed outside the cells (Fig. 1 C, d , Upper Right Inset). In summary, allopatrically cultivated mimi- viruses produced mixed subpopulations. This ecosystem selected viruses without fibers, with a reduced genome size and with a morphologically different VF.
Mimivirus M4 Structure. Samples of the passaged and 0.40-μm filtered M4 Mimivirus strain were frozen in vitreous ice on an electron microscope grid (Materials and Methods). The starfishlike structure associated with a special vertex seen on normal M1 Mimivirus particles ( Fig. 2A) (13, 16 ) is visible on some of the M4 passaged particles. Many of the M4 passaged particles showed a densely packed genome compared with the M1 Mimivirus. The diameter of the M4 passaged particles was found to be ∼500 nm when measured from vertex to vertex. This is consistent with the diameter of fibered M1 particles. A reconstruction of ∼1,000 particles ( Fig. 2B ) assuming icosahedral symmetry, showed the flat faces that are also observed in M1 passaged mimiviruses. The starfish-like feature is not visible in this reconstruction due to icosahedral averaging.
Mimivirus M4 Gene Loss. Enzymatic restriction digests using ApaI, EagI, and PmeI revealed different patterns by PFGE. There were two 80-kbp genomic deletions in the M4 strain compared with the M1 strain (Fig. S1 ). The deletions occurred at both ends of the M1 genome, as shown by M4 genome sequencing. The M4 genome has two large deletions between genes L67 and L137 (90.7 kb localized between positions 81,626 and 172,340 bp) and between genes L826 and R902 (95.6 kb localized between positions 1,074,695 and 1,170,290 bp) (Fig. 3 ). There were also putative deletions sporadically distributed along the genome affecting parts of genes as well as entire genes.
The two large deleted genomic regions are composed of 155 coding sequences (CDS) ( Table S2 ) coding for proteins involved in diverse functions. We reanalyzed the deleted CDS, which allowed us to identify six proteins involved in carbohydrate metabolism, nine proteins involved in DNA recombination, a tyrosyl-tRNA synthetase, and three aminoacyl-tRNAs involved in translation. Moreover, 36 out of the 98 CDS in the Mimivirus genome encoding for proteins with ankyrin repeat domains, involved in intracellular host-virus interactions (17) were deleted. Two serine/threonine protein kinases and 69 other ORFans (6) were also deleted. Deletions occurred in regions with a high proportion of duplicated genes (5) . Seven proteins detected in a previous proteomic study (18) and nine genes strongly expressed during the Mimivirus infectious cycle (19) were also lost. This . According to our observations, this is the last step before particle release. After this point, free VF were often seen outside the cell (Upper Right Inset). suggested that the deleted genes were useful to M1 in its former sympatric lifestyle. The genes found in the two large deletions had varied phylogenetic origins. The R125 and R879 genes have no identified function, but they belong to the NCLDVs conserved core gene set (20) . Additionally, there were six genes involved in DNA recombination and genes encoding a putative pyridoxal phosphate-dependent transferase, a putative lipocalin, and two other proteins of unknown function that were apparently acquired from bacteria (9) . There were also two genes involved in carbohydrate metabolism, two genes involved in signaling, and one involved in translation, all of which were apparently acquired from eukaryotes. Overall, mimiviruses selected during allopatric growth showed a reduced genome, and the missing genes came from NCLDV, eukaryotic, and bacterial origins. Some of these genes were expressed and translated in the original M1 Mimivirus.
In addition to the two large deletions, the genome assembly showed gaps in 205 ORFs, suggesting that they were deleted or turned into pseudogenes. Twelve of these genes encoded proteins involved in DNA replication, recombination, and repair, 2 were involved in transcription and RNA processing, and 1 encoded an arginyl-tRNA synthetase involved in translation (Table S2) . Moreover, we also found 3 proteins involved in carbohydrate metabolism, 10 proteins involved in diverse metabolic functions, 27 proteins with ankyrin domains, 5 putative serine/threonineprotein kinases, and 103 ORFans (Table S2 ). In addition, three genes encoding putative virus structure and morphogenesis proteins were also affected by potential deletions (Table S2) . These modified genes recovered from the M4 sequencing suggested that rapid gene degradation was ongoing in this population.
Mimivirus M4 Fiber Loss. To determine whether M4 fiber loss was associated with modifications of the protein expression patterns between M1 and M4, we performed a comparative proteomic analysis. Using 2D difference-in-gel electrophoresis (DIGE), it was found that three proteins of unknown function (R641, L829, and L872), including two ORFans (R641 and L872), a putative GMC-type oxidoreductase (R135), and a putative tetratrico peptide repeat (TPR) containing protein (R856) were missing in M4 (Fig. 4 and Table S3 ). The R135, L829, R856, and L872 genes were deleted in the M4 strain, but the R641 gene apparently remained intact. Protein analysis from M1 purified fibers by 2D gel electrophoresis coupled with matrix-assisted laser desorption/ ionization mass spectrometry (MALDI MS) (Fig. 5) , allowed us to identify three fiber proteins: R135 and two proteins of unknown function (L725 encoded by an ORFan gene and L829). The absence of L829 and R135 in M4 particles can be linked to the absence of fibers surrounding the virions, and thus it appears that these two genes encode components of the viral fibers. We also identified glycosyltransferase-encoding genes that are deleted in the M4 genome. Therefore, we compared the protein glycosylation pattern in the M1 and M4 viruses (Fig. S3) and found that the L829 and R135 proteins were glycosylated in the M1 strain. Moreover, the fiber proteins are highly antigenic, because mouse monoclonal antibodies produced against Mimivirus (1) reacted with the M1 strain and not the M4 strain. This antibody was directed against L829, as detected by immunoblot analysis (Fig. S3) . Serum from a patient with a laboratory infection caused by Mimivirus recognized the R135 and L829 proteins by Western blot analysis (21) . Moreover, from previous work by immunogold staining, we found that the sera of patients with pneumonia that were also positive for Mimivirus by immunofluorescence analysis had antibodies directed against fibers (22) . In conclusion, we identified two glycosylated proteins (L829 and R135) that are a part of the highly antigenic fibers. The absence of fibers in the subcultured Mimivirus was associated with a loss of antigenicity when tested against human sera (22, 23). Bald M4 Is Not Susceptible to Sputnik. Sputnik is a small icosahedral virus that successfully parasitizes Mimiviridae (11). It was previously hypothesized that sputnik uses the Mimivirus fibers as a gateway to penetrate the amoeba (24) . Another virophage (called sputnik 2) was recently found to be associated with a giant virus isolated from a liquid from a contact lens of a patient with keratitis (25) . Coinfections of M1 and M4 with either sputnik 1 or sputnik 2 followed by real-time quantitative PCR showed that both sputnik 1 and 2 replicated well in M1 but not in M4 (Fig.  S4 ). Immunofluorescence performed 6 h p.i. confirmed these results and showed that the M1 viral factories produce sputnik virions (24) . However, in M4, only the VF was visible, and no production of sputnik virions could be observed (Fig. S5 ).
Discussion Here, we demonstrate that serial passages of Mimivirus cultivated in axenic amoebae were associated with gene loss corresponding to ∼16% of its genome. Occurrence of large genomic deletions around the termini of DNA genomes was previously reported for other NCLDV members, including poxviruses, African swine fever virus (ASFV), and the chlorella viruses (26) (27) (28) (29) (30) . A similar situation was reported for ASFV where large deletions occurred between 8 and 20 kb from the left ends of DNA (31) . In chlorella virus PBCV-1, isolated mutants contained 27-to 37-kb deletions beginning at the left end of the 330-kb genome (26) . These deletions occurred spontaneously, as is the case for the serial-passaged Mimivirus at the final step of the experimental procedure. Comparative genomic analyses performed with new NCLDV genomes have expanded our knowledge on this property of NCLDVs. Indeed, many poxvirus genomes showed that conserved genes are retained in a central location, whereas variable regions including putative deletions or putative recently acquired genes were located closer to the chromosome ends (27, 28) . Furthermore, it should be emphasized that the terminal ends of the NCLDV genomes were particularly affected by lateral gene transfers probably involved in the terminal genomic variability (3, 32) . The recent availability of the genome of CroV, a new giant virus related to the Mimiviridae that infects phagotrophic flagellate protists, gave us the opportunity to perform comparative genomic analysis with genomes of CroV and Mimivirus. We found that orthologs were centrally located, whereas genes unique to a given species were located more at the terminal regions of the genome (33) .Taken together, our results along with previous comparative genomics studies showed that the ends of the NCLDV genomes are highly recombinogenic. The location of the deletions supports the hypothesis that this process is not random, but preferentially occurred in variable regions that are less subject to selective pressures than the central regions that contain conserved "core" genes. However, more investigations should be performed to decipher mechanisms involved in these particular genomic rearrangements.
Comparable results were obtained with some bacteria. For instance Salmonella enterica exhibited multiple and extensive genome reductions associated with loss of metabolic and regulatory capabilities following serial allotropic cultures (12) . As suggested by comparative genomic analyses (3, 9), we hypothesized that the large genome size and particles of giant viruses (Mimivirus and Marseillevirus) resulted from a sympatric lifestyle conducted with other microorganisms inside phagocytic protists (8, 34, 35) . This was further confirmed by genome analysis of CroV, which acquired a large genomic region that encoded proteins involved in LPS metabolism from bacteria (10) . In both Mimiviridae and CroV, this lateral gene transfer might be increased by the presence of virophages (11, 36) . In addition, comparative genome analysis of closely related NCLDVs infecting phagocytic protists showed that their genomes were highly dynamic and that they had probably undergone a high level of turnover of acquired/deleted genes during the course of evolution. Hence, we hypothesize that there is a balance between gene acquisition/deletion in sympatric conditions. In allopatric cultures, this balance is broken because the major sources of gene novelties (e.g., intracellular bacteria) are lacking. In light of our result, we therefore suggest that this balance and the selective pressures Each individual sample from the M1 and M4 strains and a pooled reference sample were labeled with Cy5, Cy3, and Cy2, respectively, and were then separated on the same gel using the 2D DIGE system. Three images were obtained from each gel and an overlay of dye scan images was also obtained. Selected protein spots (green) exhibiting an ANOVA score lower or close to 0.05 and a change of at least 1.9-fold intensity are indicated by circles and spot numbers as indicated in Table S3 . Fig. 5 . 2D electrophoresis of the fiber fraction from the M1 Mimivirus strain. Purified fibers were resolved in pI values ranging from 3 to 10 in the first dimension followed by 12.5% SDS-PAGE in the second dimension, after which the proteins were detected by silver staining. Each polypeptide spot detected was identified by MALDI MS as previously described (18) . Proteins identified as originating from M1 are indicated in bold.
acted together, leading to large deletions in allopatric lifestyle. We cannot exclude that a serial passage of Mimivirus in simplified sympatric culture conditions would have generated similar results; however, experimental setting for such control is challenging and is not currently possible to set up. We performed a preliminary experiment that showed that the proportion of amoeba cells not infected by M4 when propagated with other intracellular bacteria was two times higher than when M4 was propagated alone (Table  S4 and Fig. S6 ). As this result was not found for M1, we hypothesized that M4 shows a reduced infectivity in a sympatric lifestyle although alternative interpretations might be possible.
The lost genes in the M4 Mimivirus strain affect the expression of fiber proteins and their glycosylation. Presumably these proteins were unnecessary when competition decreased during protist infection. Furthermore, the putative fibrous proteins do not have any easily recognizable similarity to other known fibrous proteins. Fibers from the M1 form are highly immunogenic and are recognized by mouse and human antibodies following infection (21, 22) . Even though we cannot rule out that some of the genes deleted in M4 are required for intracellular replication of the virophage, we assume that the loss of fibers could also affect the association between mimiviruses and sputnik virophages. It is likely that the sputnik particles are phagocytosed by amoebae because of their attachment to the Mimivirus fibers (24) . So far, all characterized isolates of Mimiviridae exhibited fibers in early cultures (25) . Additionally the Mimivirus fiber component R135 was always copurified and identified in the proteome of sputnik 1 (11) , apparently the R135 protein has a high affinity for the virophage particles, showing that the fibers are important in allowing the virophage to coinfect amoeba.
A second group of genes that were lost in the M4 Mimivirus strain are ankyrin repeat encoding genes. These eukaryotic genes are found in many intracellular microorganisms, especially those living in amoebae (37) . Bacteria living in protists, such as Legionella pneumophila, Coxiella burnetii, or Rickettsia bellii, as well as viruses like CroV (2, 10) , have a very large number of these genes. This may be the result of convergent evolution, as they replicate in the same kind of ecological niche. Both C. burnetii and L. pneumophila manipulate their host by using ankyrin repeat proteins (17, 38) . Therefore, we hypothesize that ankyrin repeats play a similar role in Mimivirus, and that the absence of competition with other intraamoebal microorganisms resulted in the loss of these genes without decreasing fitness. Finally, the genome reduction occurring in Mimivirus is reminiscent of the "use it or lose it" phenomenon often proposed for intracellular bacterial evolution (39) .
We conclude that Mimivirus can undergo a transition from what can be described as a sympatric intracellular community-associated lifestyle to a simplified host-virus interaction after serial passages. This transition is associated with a dramatic genome reduction, which leads to the bald mutant virus. As for other microorganisms, our results suggested that ecosystem changes are associated with rapid loss of useless genes, especially those promoting amoeba internalization and those involved in the control of competitors.
Materials and Methods
Culture Conditions for Serial Passaging. A. polyphaga used in the different experimental procedures to propagate Mimivirus were free of any intracellular microflora. Absence of bacterial endosymbionts was checked by PCR on the complete 16S rRNA gene using the external primers FD1 (5′ AGAGTTTGATCCTGGCTGAG 3′) and RP2 (5′ ACGGCTACCTTGTTACGACTT 3′). The thermal cycle consisted of an initial denaturation step at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 2 min. The amplification was completed by extension for 7 min at 72°C. Axenic A. polyphaga were seeded at a 5 × 10 4 cells/mL density in PYG medium (2% proteose peptone, 0.1% yeast extract, and 100 mM glucose), infected with titrated Mimivirus (Mimivirus M1) at a multiplicity of infection of 10 viruses/cell and centrifuged at 1,000 × g for 30 min. Mimiviruses were propagated until there was complete lysis of the amoebal culture. To achieve successive flask passaging, 5 mL of the viral supernatant was collected when lysis of amoebae was complete by low-speed (3,000 × g) centrifugation for 10 min. This was used to infect a fresh culture of A. polyphaga seeded at a 5 × 10 5 cells/mL density in 30 mL of PYG medium.
This procedure was repeated up to 150 times. At the 100th and 150th passages (producing the M2 and M3 Mimivirus populations, respectively), viral supernatant was saved and analyzed by electron microscopy and pulsed-field gel electrophoresis. To isolate a clonal bald lineage of Mimivirus from the endpoint passage (M4 Mimivirus), viral supernatant from the 150th passage was filtered through a 0.40-μm filter, and the filtrate was used to perform endpoint dilutions. Viral supernatant of the lowest dilution displaying amoebal lysis was used as a clonal lineage for further characterization.
Electron Microscopy and Immunofluorescence. Experiments were performed as previously described (15) . For Mimivirus fiber observations by TEM, 0.15% ruthenium red was included in the fixing medium used for sample preparation as previously described (40) .
Cryo-EM. Samples for cryo-EM were prepared at Purdue University using the same procedure described above, but starting with a M4 inoculum. However, the filter used had an average pore size of 0.45 μm (Nalgene). Particles were frozen into liquid ethane using a Cryoplunge 3 (Gatan) instrument on C-flat CF-4/2-2C holey carbon grids (EMS). Images were obtained using 24,000 magnification with a CM300 FEG electron microscope recorded on a 4,000 by 4,000 CCD camera (Gatan). A total of 959 particles were boxed and normalized using EMAN (http://blake.bcm.tmc.edu/eman/) (41) . Due to the low resolution of the final reconstruction, no attempt was made to apply a contrast transfer function correction. The original Mimivirus structure (13) was used to initiate the 3D reconstruction, assuming icosahedral symmetry. Essentially, all particles were used to calculate the final cryo-EM map. The resolution was estimated to be ∼30 nm based on the spatial frequency where the Fourier shell coefficient fell below 0.5 (42) . The relatively poor resolution is undoubtedly due to the heterogeneous nature of the particles that were easily recognized by visual inspection. The particles varied in their vertex-to-vertex diameter by approximately ±20 nm. In addition, the large size of M4 Mimivirus would require a much larger number of particles to achieve better resolution.
Sequencing of the Mimivirus M4 Genome and Bioinformatic Analyses. Phenolchloroform extracted Mimivirus genomic DNA was pyrosequenced on a Roche 454 Life Sciences GS FLX titanium platform (43) . The raw data (30.7 Mb) with an average length of 352 bp were assembled by Newbler software (the 454 Roche Assembler), generating a 901-kb molecule and by mapping against the Mimivirus reference genome (accession no. NC_014649). This allowed us to identify two large regions of M1 DNA missing in the M4 genome (90.7 kb localized between positions 81,626 and 172,340 bp along with 95.6 kb localized between positions 1,074,695 and 1,170,290 bp) that were overlapped by several reads. In addition, the M4 genome assembly produced 322 gaps compared with the M1 genome, which represented 94.2 kb of M1 sequence that were not covered by any M4 sequence. Annotation information of the CDS was retrieved from GenBank, except for R137, R138, and L142, which were assigned as members of the glycosyltransferase family GT2, and R654, which was assigned as a member of the glycosyltransferase family GT10, according to the CAZY database (www.cazy.org) (44).
Proteomic Analysis. All proteomic analysis (sample preparation, 2D gel electrophoresis, silver staining, protein glycosylation analysis, protein identification, and Western blotting) were performed as previously described (18) . Detailed experimental procedures on 2D DIGE analysis and protein identification are described in SI Materials and Methods.
Fiber Characterization. The Mimivirus fibers were prepared by sequential application of bromelain (Sigma) and lysozyme from human milk (Sigma) as previously described (13) . After treatment, the supernatant containing Mimivirus fibers and bromelain was precipitated using PlusOne 2D Clean-Up kit (GE Healthcare). The final pellet was resuspended in solubilizing buffer (7 M urea, 2 M thiourea, 4% CHAPS). These Mimivirus fibers were used for 2-dimensional electrophoresis (2-DE) analysis. We resolved proteins in the 3-10 pI range followed by a second dimension in 12.5% SDS-PAGE. The major polypeptide spots detected by silver staining were then subject to identification by MALDI MS as previously described (18) . SI Materials and Methods contains further detailed and experimental procedures on coinfection of Mimivirus with sputnik and PFGE analysis.
